Electronic nose technologies are moving rapidly towards hybrid bioelectronic systems where biological odour recognition elements from the olfactory pathways of vertebrates and insects are being utilised to construct new "bionic noses" that can be used in industrial applications. Recent progress is reviewed.
Emerging aspects are hybrid "bionic systems" that function more like "biological noses". With increased understanding of how the chemical senses and the brain function in biology -an emerging field of "neuromorphic olfaction" has arisen (Vanarse, Osseiran and Rassau, 2016) . Important components are olfactory receptor proteins and soluble proteins found at the periphery of olfaction called odorant binding proteins. The idea is that these proteins can be incorporated into transducers and function as biorecognition elements for volatile compounds of interest.
Olfactory Receptors
The discovery of an unexpectedly large odorant receptor (OR) family in mammals by Buck and Axel (Buck and Axel, 1991) , opened the gateway to understanding molecular aspects of olfaction. ORs are transmembrane proteins from the family of GPCRs (G-protein coupled receptors), coupled to two main signal transduction pathways -the cyclic AMP pathway or the phosphatidylinositol pathway, that open ion channels present in the cell membrane, resulting in a change in membrane potential (Figure 1 ). Peripheral discrimination of odours works through a reciprocal combinatorial code in which one chemical can be detected by different ORs and one OR can detect a group of different chemicals (i.e. the same percept used in "electronic noses") as shown in Figure 2 . To understand the ligand binding characteristics of individual olfactory receptors, cultures of olfactory neurons are being screened using large sets of diverse odours (Reisert and Restrepo, 2009 ) with the use of computational biology (Crasto, 2011) . It is clear that some receptors are finely tuned and others very broadly tuned (Poivet et al., 2016) . Chemosensory systems are incredibly complex (Mombaerts, 2001) . Olfactory sensory neurons (OSNs) are arranged in several chemosensory compartments in the nose. Distinct ORs are located in their chemosensory membranes and there are hundreds of different receptor types. They are categorized into several receptor families, and this large and complex receptor repertoire forms the basis for the enormous chemosensory capacity of the olfactory system (Fleischer, 2009 ). Insect olfaction is also complex (Galizia, 2010) -the receptors are heterodimeric proteins that function as ion channels in the cell membrane (Sato et al., 2008) .
Odorant Binding Proteins
Odorant molecules need to traverse an aqueous interface before reaching olfactory receptor neurons. In vertebrates, this is the nasal mucus and in insects, the sensillar lymph. The composition of this interface is complex and odorants interact with protein components. In both insects and vertebrates, these include OBPs (odorant-binding proteins) (Pelosi and Margolis, 1994) (Vogt, Prestwich and Lerner, 1991) . OBPs of vertebrates belong to the family of lipocalin proteins (containing an eight-stranded beta-barrel structure lining a hydrophobic pocket), while those of insects are folded into alpha-helical domains (Figure 3 ). Unlike ORs, they are small water soluble proteins thought to facilitate the binding of hydrophobic molecules and help transport to the olfactory receptors. Many DNA sequences of OBPs are available, together with X-ray structures. In insects, OBPs contribute to the sensitivity of the olfactory system by transporting odorants through the antenna sensillar lymph. Mechanisms of interaction between OBPs or OBP/ligand complex with olfactory receptors are not well understood. There are several types of OBPs with different ligand selectivity that are expressed in very high concentrations. There are a variety of combinational patterns between different OBPs and ligands, but exclusive affinity for one OBP to specific binding ligands. There are also complex interactions between OBP/ligand complex and transmembrane proteins (olfactory receptors or sensory neuron membrane proteins) (Fan et al., 2011) . Similar proteins are found in the urine of rodents. The major urinary proteins (MUPs) are proteins found in urine of adult male mice and rats (Cavaggioni and Mucignat-Caretta, 2000) . MUPs form part of the lipocalin protein family, like OBPs. MUPs bind small natural odorant molecules in a hydrophobic pocket with medium affinity, and are excreted in the field, with bound odorants. The odorants are then released slowly in air giving a long lasting olfactory marker. These proteins play complex roles in chemosensory signalling among rodents (Hurst et al., 2001 ) (Mucignat-Caretta and Caretta, 2014).
Towards Bionic Noses
Olfactory tissues and live olfactory cells have been used as recognition elements to develop biosensors for the detection and discrimination of specific odorants (Wang and Liu, 2015) (Liu et al., 2010) . Due to the need to keep cells alive, these approaches are restricted to research laboratories and ORs and other olfactory-related proteins such as OBPs have increasingly become a source of materials for biosensors. Unlike living tissue and cells, they have much higher stability, are active for long periods, and do not require the maintenance of cell and tissue cultures. To achieve robust biorecognition elements, much attention has been paid to the production of functional ORs. They need to maintain their natural structures and native functions to recognize their natural ligands and they should have a long shelf life. Although it is possible to extract ORs from living olfactory tissues, it is more efficient to use advances in molecular biology and biotechnology for cell-based OR production (Du et al., 2013) . ORs can be expressed in cell lines such as human embryonic kidney (HEK) or yeast cells and then extracted. The expressed ORs take up functional conformations in the cell membranes. The responses to odorants can be measured e.g using a light addressable potentiometric device (Figure 4 a) . The cell membranes can also be extracted and immobilised on to various kinds of transducers to produce functional olfactory sensors that produce an electrical signal when a volatile compound is presented. Nanobiosensors based on single ORs anchored between nanoelectrodes were described (Akimov et al., 2008) . Molecular biology can allow modifications to the protein to graft tags or functional groups that aid in immobilisation of the protein on to a transducer. Since cell based expression methods are expensive, cell free protein synthesis methods are exploiting the cellular protein synthesis machinery to synthesise proteins directly outside intact cells using exogenous messenger RNA (mRNA) or DNA as a template (Katzen, Chang and Kudlicki, 2005) . The production of human ORs in a cell free system was demonstrated (Kaiser et al., 2008) , yield being optimised using specialised detergents to solubilise these membrane bound proteins (Corin et al., 2011) so that milligram quantities of olfactory receptors can be rapidly produced. Using computational modelling methods, the binding domains of ORs can be examined to determine binding orientation and affinity to ligands. Hence, synthetic peptides that emulate the binding site can be made e.g. a number of olfactory receptors for sensitivity to alcohols were screened using computational methods, a suitable peptide sequence was deduced, synthesised and immobilised on to quartz crystal microbalances (Figure 4b ) giving a sensor responsive to alcohols (Sankaran, Panigrahi and Mallik, 2011) .
Odorant binding proteins are good candidates for use in sensors for detecting volatile chemicals. Both insect and vertebrate OBPs are extremely stable to temperature, organic solvents and proteolytic digestion. Some, like the pig OBP bind a variety of different structures, others are more narrowly tuned to few odorant structures, but in general, OBPs do not exhibit very high specificity (Pelosi et al., 2014) .
A "bio-electronic nose" for vapour phase detection of odorant molecules based on an array of five SAW resonators coated with three types of odorant-binding proteins (OBPs) produced good responses to octenol and carvone (Di Pietrantonio et al., 2013) . Cantilever sensors based on polycrystalline diamond surfaces with pig OBP (Manai et al., 2014) . A new bio-sensing platform based on major urinary proteins (MUPs) from the mouse as chemical recognition elements was demonstrated (Scorsone et al., 2016) using SAW devices coated with diamond enabling covalent attachment of the proteins. They detected 2,4-Dinitrotoluene, 4-Nitrotoluene, and 2-Isobutyl-3-methoxypyrazine at ppb levels ( Figure 5 ).
Recent advances in organic field effect transistors for gas sensors or biosensors (Torsi et al., 2013) have led to exquisite limits of detection as well as discrimination of chiral molecules (Mulla et al., 2015) . By modulation of capacitance of the gate of the field effect transistor with immobilised OBP, sensitivities in the femtomolar concentrations can be achieved. This gives promise for devices based on hybrids of organic semiconductors that can produce a new generation of sensing devices.
Signal processing
Marco and co-workers (Marco et al., 2014) review novel computing paradigms and biologically motivated artefacts for chemical sensing taking inspiration from the biological olfactory pathway. A biomimetic demonstrator was built featuring a large scale sensor array (65K elements) in conducting polymer technology mimicking the olfactory receptor neuron layer (Beccherelli et al., 2010) . Biomimetic algorithms have been implemented that integrates computational models of the main anatomic building blocks in the olfactory pathway: the olfactory bulb, and olfactory cortex in vertebrates (or the antennal lobe and mushroom bodies in the insect). These have been tested with an odour robot with navigation capabilities in mixed chemical plumes.
Conclusion
The fascination of how biological systems work so efficiently to sense chemicals in the environment is driving researchers to the creation of "bionic noses". The book "On the Scent" by Paolo Pelosi documents the field of olfaction, together with the drivers for implementing artificial olfaction systems (Pelosi, 2016) . Here, this review has necessarily omitted many aspects of "electronic nose" developments. Major drivers are the security, environmental and medical applications, and we shall find the internet of things being a major factor in implementing low cost chemical sensing in networked applications for the future. Olfactory receptor neuron (lower left). The receptor proteins traverse the cell membrane of the cilia (upper right) -odorants binding to the receptor cause a change in conformation, so that the interaction with a G-protein changes. This causes a chain of events to occur stimulating formation of cyclic AMP (a cell messenger) from ATP that causes further biochemical reactions that lead to opening of ion channels. The ingress of ions into the cell causes a change of electrical potential on the surface of the cell membrane that leads to olfactory transduction.
Figure 2
Basic principles of electronic noses showing an array of sensors where each sensor has a broad response profile where each sensor may have some cross sensitivity and differences in selectivity to various volatile chemicals. When presenting a coffee odour to the sensor array, a pattern of responses is generated illustrated by the size of the dots. The relative responses across the sensor array are shown as histograms. The multivariate data can be processed by chemometric software to visualise clusters that describe the differences between samples, or can be presented to a pattern recognition engine (typically a neural network) to classify the samples of coffee automatically, based on previously seen exemplar patterns. (Liu et al., 2006) ). (b) When OR proteins are extracted they can be immobilised on to transducers such as quartz crystal microbalances that produce a change in frequency when ORs are exposed to a pulse of an odour (used by (Sankaran, Panigrahi and Mallik, 2011) ).
Figure 5
MUPS are immobilised on to diamond coated surfaces (a) of a surface acoustic wave sensor (c). When this is exposed to repeated pulses of an odorant -in this case 4-nitrotoluene, a reversible change in frequency is shown in (b). Six different MUP proteins have different sensitivities and selectivities shown by concentration response curves to nitrotoluene (d) so that an array of MUP proteins can make a "bionic nose" (data from (Scorsone et al., 2016) with permission). 
